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Ths result8 of altittie-wM-tunmltemts oonducted to determine
the performance of an eucial-flaw-type  4000.pound-thrust turboJet
engine for a range of pressure altitudes  frcan SOOC to 40,000 feet
ad ram preseure ratios from 1.02 to 1.86 are preeented and the
erperlmental a& analytical method8 employed are discussed. By
mesns of suitable generalizing factor8 applied to the measured
performance data, ourves were obtafned -which the engine per-
fomance at any altitude for a given ram preeeure ratio canbe
eetimated. The data presented inc$Uae the wi~&UMng m
ohsracterlatlos  of the tmbojet engine for the rangee of altittiee
and ram pressure rattoe covered by the perforce data.

The efficiency of the engine inoreased  rapidly with alrapeed.
With a true airspeed of 500 mile8 per hour at 40,000 feet the
specific fuel consuqtlon based on net thPust horeepwer was 0.94,
and at 645 miles per hour the epeolfio fuel oonsumptlonuaa  0.73.
It was fo& that the wWlling drag of the etnglne la high and
the inlet should be oloeed when the engine 18 inoperative  in
flight. In the range of low engine speeds, the cdbuetion effi-
ciency deoreaeed rapidly as the altitude was ticreased, which
resulted in high specific fuel consuqtfons. The reeulte shw
that an accurate calculation of the jet thrust of the engine cBp
be made from measurements of the temperatures and pressures obtained
from a survey across the jet at the nozzle exit..

INTRODUCTIOR
An iweatmtion has been conducted in the NACA Cleveland

altitude wind tunnel to determ%ne the operational and performance
characteristic8  of an axfal-flw-type  turbojet engine with a

UNCLASSIFIED
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4000.poti-thru8t rating at a range of pressure altitudes fKlm
5000 to 40,000 feet ad ram pressure ratios from 1.02 to 1.86, with
tunnel temperatures  f!rcm 60° to -500 F. The tunnel temperatures
were held at approximtely u standard valUe8 for each altitude
condstion. The results of performanc 8 tests on the 89

e with the
rdadard  law-flow oompreeeor  and a tail-pipenotzleof  1%.inch diameter
are presented. The engine performan08 data presented comprise
SkU&.??d oharacteristio  ou??'?es such a8 thruet, hOrSepoWer,  fuel Con-
SUULption, speaifio fuel CaneLamption, and air flw g1otted against
engine S~dEbIldtX~ airspeed. The effeot of combustion on per-
fomame ~haZ%JteriStiCS  of the engine i8 briefly analyxed.

The en&km was tested with two inlet oonfQuration8. For the
static teete the en&m cmabu8tion air uaa taken frcm the tunnel
test se&ion in a normal manner; for the r&m tests air was in&O-
duced into the enginethroughaduotat  pressures  oorre8po~i11gto
m ~eSSUE'88 fOm. VetriOU8 flight Bpeed8 at the ttUUl& ~SSL7I?e titi-
tude. Exteneive in8trumentation  was irt8taUed on the engine in order
to obtain detailed information on the individual ccmponente  of the
engine aawellasthe over-all engine performanae.

Charaoteristio  performam8 data are presented in order to 8hW
the effect of altitude and airspeed, assuming 1000peroent ram
reoovery, 0nengi.m perfomanceandw3ndml.Uing drag. The applic-
bility of method8 ulsed to generalize  the data in order to estimate
performance  at varioue altitudes From performan08 data determined
at any altitude ha8 been imestigbted,

sm3oIs

The follwing symbol8 are used inthe caloulations:

A CZ'OSS-SeCtiOIUd Bre&L, wl?EU% feet

B thru+malereading,pound8

CD

cP

external. drag coefficient  of iaetallation

epecifio heat of @a at oonstant pressure, Btu per
poundper oa

t



NACA FM No. NE'09 3

pJ
Fn
8
H

%/PO
h

J

M

m

N

P

PO
9

90

B

S

T

Ti
t

thp '

V

vO
V

.

jet thrust, pounds

net thrust, poullde

acceleration of gravity, feet per second per second

total pressure, potis per spume foot absolute

XWQ ~eSSU?X ratio

heating value of fuel, Btu per pound

mechanical equivalent of heat, foot-pourds  per Btu

Mach number

Ipass rate of flow, slugs per second

ewbe a-d, rpm

Static PreSSW?e, PO&S PQr WUare fOOt ab8Olute

te8t-section static pressure, pOUIld8 per eqnare foot absolute

equivalent free-8tTeam dynamic pressure obtained with
closed duct, pounds per 8quare foot

test-section free-streamdynamic pressure, Poumie per
square foot

-8 COI'I8~

wing-section area, 8quare feet

total temperature, OR

indicatedtemperakure,  '?i

etatic temperature, OR

net thrust horsepower

velocity, feet per second

test-section velocity,'feet per second

effective&true airspeed, miles per hour
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Wf

'Jf/FJ

Wf/thp
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weight rate of flw, pounds per second

Fuel con8mption, pounds per hour

Specific fl& COnSUrmptiOn based On Jet thrttet, pOti
per hourperpotmdthruat

fQecific fuel aonslmrption  based on net thrust horee-
pwer, pou-&e.per thruet hO.??8epWw-hOIIr  (eeLme as
cwrected value) .

fuel cormmption, pounds per secord

IBtiO Of SpEKJifiC heats fOI? @Me8

ratio of absolute total pressure at compreseor  inlet
t0 absolute Static FeSSIIre Of mm Standard atXLIOS-
pheric conditinna at sea level

ccaabuation  efficiency, percent

ratio of EabSOlUte total temperz%tUre  at CcmpreseOr inlet
t0 absolute Static tanrpgFatLI3.e  Of ma Staradsrd
atmospheric  condition8  at sea level

maea density Of gas, 81Ll@ per cubic foot

SubScl-1ptEl:

a air

b ccxmbu&ion

br beariry; coolingair

0 compreeeor

f fuel

g exhaust gas

J Jet

n net

0 tunnel test-section free-air stream
I

t turbine
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c

0

x

1

oloeed inlet duct at alip joint, station X

ccWlinl.et

2 coucpreseor inlet '

4 ccmlpre88Or ot&let

5 turbine inlet

8 tail-pipe nozzle

The fo~Cm~ engine vtere %re corrected t0 ma 8tE&aI'd U-8-
PheriO OOnditiOIl8 at 8Bg leV81:

Fjb
F&
N/G

thp/@ A;)

v/J-z

twa*G)/5

w&G @I

Wf/(Fj d)

Wf/ Wa8)

COIYPeCted jet t,hrU8t, pOWId

correoted  net thld, potId

corrected engine speed, rpm

Corrected  WkthrU8-t hOI?eemeZ?

COrreCted  &feCtiVet?Ueair8peed,  mi1883+- hourr

corrected air flow, polrads per 8fSOoad

oorrected f'uel oaneuqption,  pomde per hour

oorrected speoific fuel ooneunrption based on jet thruet,
pOzmd8 perhoWpepoundthruet

oorreoted fuel-air ratio

Deecription of Engine

The 335 engine u88d for the inveetigatilon ha8 a sea-18Vel
rating Of 4000-pOuad8 8t&iC thlW8t at an engine speed Of 7600 ?=WL
At this rating the air flm i8 approXimately 75 pOti per 8eOond
and the fuel canslnzption 4400 pound8 per hour. The over-all length
of the engine 18 about 14 feet; the maximum diameter, 36 imhe8; a&
the total weight, 2300 pOtiS. Ths CCSE'Q??e8803?  ha8 ~aZi8bflOW
stages and provide8 a pressure ratio of approximately 4 at rated
engine apsed. There are eight ilrdividual  cmnbustion &amber8 on
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the engine, which are joined by small interconnecting t&e8 for or088
ignition. A 8iI@e-8tl¶.@ turbine i8 used t0 drive the WltIpre88or.
The t&l-pipe nozzle ueed in theee rurts is 1% inch08 in diameter.

Installation and Te8t Frooedure

The engine was 8UppOrted on a 7-foot-ohord  airfoil installed
in the 20-foot-diameter  teet section of the wind tunnel (See
fig. 1.) The oowling extended baok only a8 far a8 the rear of the
oanpresear; therefore, the burner8 arad the tail pipe were cooled
by the movement of the air in the teet section. Air wae eupplied
to the enginebytwomethods: For the 8tatiC te8t8 a wooden COW1
wa8 attaohed to the engine inlet and ati w&8 eupplied from the tunnel
teat eeotion in a no2mal manner; fO2' the ram teat8 inlet pre88tZre8
correeponding  to flight at high speed were obtained by introduciag
dry refrigerated air from the tunnel make-up afr eystem throttled
f&m approxhately sea-level preseure to the de8ired preeeure at the
engine fnletwhilemain~inl~thewind-tunnel  preesureandtemper-
ature corresponding  to the teat altitude. The make-up duct wa8
oonnected to the engine intake by mean8 of a alfp joint located
40 feet upetream of the engine. (See fig, 2, etation X,) The alip
joint permitted engine-thrust  aM installation-drag mea8strramente to
be made with the tunnel smiles, An orifice for measuring the isir
flow is shown in the ram-pipe inetallation, but the results obtained
were not eufficiently  acourate to be ueed. For both the etatic and
the ram tests the velocity in the tunnel teet eeotion varied from
40 to 100 feet per 8econd, as Induced by the ejeotor effect of the
jet and by the tunnel-exbauster  eooop loosted immediately  downstream
Of the te8t 8eOtioIl.

The enginewas extensivelyin8trumerrted  a8 shown infigure 3.
Ttzmperature  and preesure meaeurements of the air and ga8e8 were
taken at efght stations in the engine (fig, 4). Thru8t wae measured
by the bakmx3 8Cab8 and wae al80 CalCtil&ed  from preeeure and %m-
perature measurements obtained with the tail-pipe-nozzle rake.
(See fig. 5.) In order to determIne the external.drag of the
installation  to correct the scale thru8t mea8urement8,  power-off
drag tests were conducted with the engine inlet 80 owered that the
externeL1  drag ooeffioient of the installation  could be determined.

MEZ'BDB OF CALCULATION

Thru&

The thrust wa8 determined by two DBthod8: (1) meaeurement
direotly on the balance 8calea and (2) oaloulation tiapn temperature
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and pressure meaeuremente obtained with the tail-rake survey
(fig. 5) located at the tail-pipe-nozzle exit. For the 8tatic
tests, when the inlet of the engine wa8 Open to the tunnel, the
jet t&rut wa8 determind from the balance-ecale measurement by
adding the external drag of the inetallation 8nd the rate of men-
turn of the engine intake air at free-stream velouity to the thrrret
reading to give

Fj =B +CM@ +sVo (1)
*

When the cloeed duct wa8 attached to the inlet of the engine to
obtain high ram preesure oond.itione, the fOrCe0
were co.nibined in the equation

“3 = B + CDs@ + maVx + + (px - PO) (2)

The mcznentum  and pressure term8 in eqU8tion (2)
term in equation (1).

on the installation

replace the momentum

Calculation of the jet thrust from temperature and preseure
measurements obtained with the tail-rake survey wa8 SOCOmpliShed by

the u8e of an equation derived from the ba8iC formula for jet thrust

FJ gj=mV (3)

which IS the ultimate r&?&e Of mOmentUan Of the gasee in the jet.
The jet thrust may then be expreesed a8

"3 = m@r88 + A8 (98 - PO)
which i8

Fj = P&8V,2 +A8 (P, - P,)

When BeImOUlli'B Cv88ible-flow equation for velocity 18 applied,
the velocity of the jet at the nozzle exit is

By 8Ub8titUtiOn of the relation

J?e =R,+
I
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into eqmtion (S), the tail-pipe-nozzle  velocity may be expeesed a8

va2 = -$+t8 ll
r-1

(Hs/pS) 7 -'1 I ,
I

(6)

The relation

@8=
p-8 p8=-

p8 '8

m8y then be 8Ub8ti'hhd i&o equation (6), which give8

(7)

By eubstitution of equation (7) into equation (41, the final expree-
eion far jet thrust beCCW8

r-l
Fjey-+ P$L8 &/P~) 7’ - 1 + A8 (~6 - P,) (8)

At all altitude8  and ram preseure ratio8 the ratio of meaeured
jet thruet to calculated jet thrust wae oonetant at a value of 0.985
(fig8. 6 and 7), with the measured thrust obtained from either equa-
tion (1) or equation (2) and the c&hniLated  thrust obtained Frcnn
equation (8).

When the initial free-etreammamentwn of the Inlet air is sti-
traded from the jet thrurjt, the following equation for net thrust
is obtained .

Fn =Fj -maV (9)

It 18 the net thmtst that a&i8 on an airplane t0 propel it through
the air.

The net kbrusb hor8epo'WrmEkythenbe determined fiomthe prod-
uct of the true airepeed in feet per seoond and the net thrust in
the relation I

'nvthp =-550 (101
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AirFlow

The air flow to the engine wa8 deter&ned by two methods:
(1) calculation from temperature8 and presetrcee obtained by the
kil-rab3 survey &t 8fXLtfOn 8 and (2) CX%lC&StiOn from temperature8
and premures obtained by the cowl-inlet survey at station I, The
air flow determined frcm the tail-rake 8mvey, which 18 ueed to
determine the performance, ia foII& by firet calculating the gas
flow out of the tail pipe by the equation.

w43 = P&v@.
which, when conibined with equation (S), give8

wg2+G#-IJ

(11)

(12)

The air flow is then foti by subtracting  the fuel flow wf aad
adding tLe bearing CooliDg-air flow vbr to the gae flaw, which
gives

wa = wg - wf +wbr (13)

The bearing cooling-air  flow varies from 0.25 to 0.75 percent of
the total air flow.

In order to determWe the air flow frcm the cwl-inlet 8urvey,
a weighted average, carre~omling to the annular area covered by
eachttctel-preosurs tube, of the squme root of the tot&l preesure
IIh.LU the 8tatiC pYt?e88WX Wa8 Ueed. The total inlet area in the
plane of survey including  the crcsa-secticnal area of the guide
V8XB8 was used.'& tke Cowl-inlet  Velocity was multiplied by the
calculated factor 0,963 to correct far the interference  effect of
the guide vanes on the air stream. Asstmi~g that the flow at the
cowl inlet 16 incompreeeible, there8ultantequationforair flow 18

W = 0.963 plA1g

Temperature8

III equation (a), the jet thruet ie &ependent on temperature
only to the extent of detemJning  the value cf the ratfo of specific
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heats. Calibration of the tm of thermocouple  used in the tail-
rake mrvey, neglecting radiation effect, ahowed that the thermo-
oouple measuree the static temperature  plus approximately 85 percent
of the adiabatic temperature  rise due to the U&)act of the air on
the thermocouple. The etatio temperature umd to determine the
Y&i0 of 8pecifiC heat8 18 then

t8 =
Ti,8

r-1
1 + 0.85 7 - 11
Equivalent Airspeed8

(15)

Imsmuch a8 all the calculations  are baeed on lCO-percent ram
efficiency, the equivalent velocity corresponding to the ram pree-
8ure IFatiOi8 t18ed tOdeb3rmine the initialmmntlantem Inqua-
tion (9). The equivalent airspeed is given by the equation

Because the adiabatic temperature  rice due to the cowl-inlet  velccity,
(etation 1) ~88 lcw, the equivalent  fYee-stream total temperature  can
be assumed equal to the cowl-inlet indicated temperature. The use of
thi8 aeeumption caused an error in the airepeed of leeo than 1 percent.

Combustion Efficiency

The combustion efficiency  is obtained fYcm the.fundamnta.1
relation

%=
heat out = wgcp.b ('ps - T4)
heat in WFh

(17)

where the Value of the ppecific heat cp b is the average of the
specific he&t8 for the entering air and the products of combustion.
The lower heating value of the kerO8ene used aa fuel'for the runa
is 18,600 Btu per pound of fuel. The value of the turbine-inlet
total temperature  T5 can be determined  from the relation that the
work done by the turbine equals the work done on the compreesor plue
the mechanical lessee. Becauere the meChsniC81 lO88e8 are negligible
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t
and the ma88 air flow through the oompre88or may be a88umed to be
equal tothemase gae flts?throughtheturbine, theturbine-inlet
total temperature may be veesed a8

T5 = '8 + :z CT4  - T2)
2

(18)

where the value8 Of the 8peCifiC heat8 cp o and op t 8I% the aver-
age VtiuSS through the OODQl'e88cXr  and the turbine, re&eotively. The
tail-rake  total temperature  wa8 888umed equal to the turbine-outlet
total temperature EUYI, beuause more accurate temperature measurement8
can be made at the tail rake, thie value wa8 ueed.

Altitude  a n d  Run E f f e c t 8  on Performance

Engine perfornianoe. - A tlompsrieon of the performanoe ofthe
e?l@IB at pe88UlW altitude8 Of 10,000,20,000,  30,000, apd
40,000 feet at a i'&m p.I%88W?e ratio Of PLpprOXimste~ 1.2 (fig8. 8
toll) 6how8thattheredzlcBdden8ityoftheairand  oonsequently
the reduced weight air fluw through the engine at altitti (fig. 12)
causedthe jettbru8t,the  nettbruet,the netthruethoreepower,
and the fuelcone~tionto  decrease.

The air flow meaeured by the tail-rake eurvey at etation 8
(fig. 12(a)) 18 approximately 10 percent lwer than the air flow
measured by the cowl-inlet  survey at station 1 (fig. U(b)). %luee
of the air flow meaeured by the tail-rake survey gave reasonable ad
oon818tent  component  effioiencie8  and heat balance8 in all caae8;
whereas the alr flow caloulated by the cclwl-ixilet  eurvey gave burner
efficienciee  of more than 100 percent in- ca888 aab inooneistent
thrust value8 and heatbalancee.

Inthe range ofhighengine speed8 at a aonetantrampreseure
ratio for all altitudea,  the specific fuel consumption based on jet
thrust fell ona single cuTve, butinthe ra,nge of low engine speed8
the specific fuel con8uqtion increa8ed a8 the altitude became
higher. (See fig. 13.) The inC??eaeed epecific fuel con8uraption in
the low-speed range at high altitude 18 attributed to lower component
effioiencie8.

The speoific fuel OOn8tmIptiOn b&eed on the net thruBt hOr8e-
power (fig. 14) waa almost con&ant for 8.U altitude8 at high engine
apeeda a&. a given ram preseure ratio. At low engine epeede, how-
ever, the specifio fuel consumption decreased with increaeing alti-
tude, exoept at 40,000 feet where the specific fuel consuurption wa8
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higher than at 30,000 feet. Ae the altitude was increased. frcm ma
level and the ambient taBrI?gerature oorre8pondingly deareased, the
oompreesor  preeeure ratio at oonstant engine speed was increased.
The improvement in cyole effioiency acatxnpanying the increased
pressure ratio resulted in lower epeeific fuel oonsumption as the
altitude irmreassd to 30,000 feet. Between 30,000 and 40,000 feet
the deorease In ocmqonent efficiencies  was greater thau the gain
obtained from the iuureased oyale efficiency and the specific fuel
consumption intmased. .

The fuel-air ratio increased with altitude throughout the entire
range of engine speeds. @se fig. 15.)

Froga perf-e data obtained at 40,000 feet and ram pressure
ratios of 1.02, 1.20, 1.41, 1.62, and 1.86,(figs. 16 to 19), the
Jet thrust, the net thrust horsepower, and the fuel oonsmption  are
seen to fnorease with ram pressure ratio. As the ram pressure ratio
was increased, theweightair flowthroughthe engine be- greater
throughout the entIre range of engine speeds (fig. 2O)andthe over-
all pressure ratio between the free stream and the ocmpressor outlet
became greater, which resulted in the inorease In Jet thrust with
airspeed. Again the air flow measured with the tail-rake survey
(fig. 20(a)) is approximately 10 peroent lower than the air flow
measured wihh the oowl-inlet  survey (fig. 20(b)).

The net thrust at msxlmum engine speed deoreased with airspeed
up to approximately 250 miles per hour a& increased  above that
value. (See figs. 21 and 22.) At lm airspeeds the mm pressure
ratio inoreased slowly with a-speed aooording to the relation

(19)

and the Jet thrust was therefore not appreciably affected by changes
in airspeed, but the term %V required to obtain the net thrust
according to equation (9) is directly proportional to airspeed. The
result fs that at low airspeeds the rate of ohange of %V with
alrspeed is greater than the oorresponding~rate  of ahange in Jet
thruet. The net thrust therefore deoreased with Increased airspeed.
At the higher airspeeds the last term of equation (191, whloh involvea
the square of the airspeed, becomes appreciable. The rate of ohange
of Jet thrust with airspeed then exceeds the oorrespondlng rate of
change of maV resulting inanincrsase  innetthrust withairspeed.
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-The specific fuel oonsmption based on Jet thrust aud on net
thrust horsepower decreased rapidly as the afrspeed became hdgher.
(See figs. 23 to 25.) At 500 ties per hour the specifio fuel oon-
smption based. on net thrust horsepower with the engdne operating
above 7000 -was appiroxdmately 0.94 and at 645 mIlea per hour,
approximately 0.73. The rapidly decreasing specific fuel oonsmption
indicated that above a true sirepeed of 500 tiles per hour the engine
became quite efficient. Wtth increased ram pressure ratios, the
fuel-air ratio decreased slightly at the high engine speeds and mark-
edly decreased at the lcrn. (See fig. 26.) The decrease of fuel-ati
ratio as the ram pressure ratio Increased is attributed in part to
the fact that the caanpression ratio across the compressor inoreaeed
without appreciable change in expansion ratio aoross the turbine.
The cycle efficiency was improved by this ohange of oorspreseion
ratio relative to the expansion ratLo aad lest3 fuel was required
tomaintaina  constant engine speed.

IMa on component effioienei.ee,  which were obtained in the
test programbut are not presented %n thds paper, show that OCQIL-
bustion effioienoy  changes more rapidly with altitude than any other
component  efficiency. The collibustion efficiency determIned with
equation (17) at altitudes of 10,000, 20,000, 30,060, and, 40,060 feet
are ehowninfigure  27. WLth an increase in rsm pressure ratio the
owibustion effioiency markedly inmmaeed, as shownby the data
obtained at 40,000 feet. (See fig. 28.)

Generalized performance. - FKrm an analysis of Jet-engine  per-
formance data, several reduction parsmeters have been developed for
generalizing experImental performance data taken at any altitude in
order that these data may serve to estimate Jet-engine  performme
at all altitudes. (See reference 1.)

The application of the reduction factors 8 and 8 to the
engine-perf ormance-parameters give the following  generalited param-
eters: correoted engine speed N/n; correoted Jet thrust FJ/~;
corrected net thrust F /6; correoted net thrust horsepower
W/(8 a); corrected air flow (Warn/S; uorreoted fuel consumption,
Wf/(wmi oorreot&l specific fuel oonstmptzLon baaed on Jet thrust
W/<F,i 8% correoted specifio fuel consumption based on net thrust
Wf/thp; and corrected fuel-air ratio wf/(W,G),.

Applioation  of four reduction factors is shown dn Figures 29
to 32, Luwhich corrected Jet thrust, corremted. net thrust, corrected
netthmzethorsepouer,andoorrectedair  flow are plottedagafnst
oorrected eugine speed for a rsm pressure ratio of approximately 1.2.
The data obtainedatallaltitties  determine a single cmve for eaoh
performance  psmmeter, which indicates that such generalized cmrves
can be used with a high degree of reliability for predicting these
engine per formanc 8 characteristics. .
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The fuel consumptions  measured at 10,000, 20,000, 30,000, and.
40,000 feet with a rsm pressure ratio of approxFmately 1.2 were
reduced to a single curve by the generalization faotars for only
the upperrange of engine speeds. (See fig. 33.) In the lower
range of engine speeds, the correoted  fuel consumption was higher
at the high altitudes owing to the variation of the oomponent effi-
oiencies of the engine, mainly the o&u&ion effiaiency. In order
to accurately generalize the fuel conslnnption throughout the entire
range of engine speeds, the reduotion factors should include a term
that takes irrt;o aooount the varfation of ccmtbustion efficiency with
engins speed and altitude. Such a term was not used with the data
in this paper.

The oorrected  specific fuel oonsusption based on Jet thrust
(fig. 34) has the same oharacterietice  as the fuel-flow  ourve in
that at high engine speeds the corrected  speoifio fuel aonsumption
falls ona single ourve for eaohaltltude and in the low engine-
speed range the oorreoted speclf1c fuel consumption inoreaees with
altitude. The speoifio fuel oonsumption based on net thrust horse-
power (fig. 35) did not change with altlttie throughout the entire
range of engLne speeds, except at 40,000 feet where the specific
fuel oonsumption at low engine speeds inoreaeed beoause of low
oomponent efficiencies.

Inasmuch as the correoted air flav remains unchanged with alti-
tude and the corrected fuel flow is constant for all altitudes in
the upper range of engine speeds but inoreaeedwithaltitude in the
lmerrange of engine speeds, the correoted fuel-air ratio (fig. 36)
remaina unohanged  with altitude at high engine speeds but increased
with altitude tithe low-speed range.

Anincrease inrampraesure ratioresultedina oorresponding
increase in oorreoted Jet thrust (fig. 37), a deorease in corrected
net thrust as low ram ratios and little change in high ram ratios
(fig. 38), an tireaee in correoted  net thrust horsepower (figs. 39
and 40), and a dearease in oorrected fuel consumption (fig. 41).
The variation of these generalized factors gives oorrected specific
fuel aonsumptfon based on Jet thrust (fig. 42) and a epeaific fuel
consumption based on net thrust horsepower (figs. 43 and 44) that
decrease rapidly with increased airspeeds. Fram these data and f?rc.p
the generalized  data presented for several altitudes, it is apparent
that rune at several ram pressure ratios give generalized data that
fall on a famflyof curves and data must be obtained at eaoh ram
pressure ratlo in order to determine the family of generalized  curves
representative of the performme at all airspeeds.

.

I



EEACA RM No. E6FO9

c

.

The air flow obtafned by the tail-rake ti cowl-Inlet surveys
are shown in generalized form in figures 45(a) and 45(b), respec-
tively. Two distinct curveswere obtained for eachmethod.  The
upper curve represents the data obtained fraan the ram tests andths
lower curve the data obtained from the static tests, which were made
at a rsm pressure ratio of 1.02. The low values of air flow obtained
in the et&lo tests were attributed to a thick bouMary layer at the
oompreasor  inlet, which'was caused. by breaking away of the air frcsa
the Inner surface of the oowling aa a result of operation at inlet
velocity ratios VlmO between 2.5 and 4.0. Such flow character-
istics could be expeoted with ground operation of the engine before
take-off. The upper air-flow curve represents runs made wfththe
duct on the inlet, which oaused very little turbulence or boundary
layer at the ccqressor inlet. With the exception of the static
a--flow curves, figure 45 indicates that the generalization  factare
correct the air flow to a single curve at high engine speeds for all
ram pressure ratios. Because the idling speed of the engine is very
high at high airspeeda, it is impossible to predict whether the
correction will also apply in the lower range of engine speeds; how-
ever, Fromdatanothereinpreeented,a  family of diverging curves
shoving an-ease inair flowwithairspeed is expected inthe
low range of engine speeds.

The corrected fuel-a* ratio is slightly lover at high ram prea-
sure ratios in the upper range of engine speeds and as the engine
speed is reduced the curves beocme more divergent. (See fig. 46.)
Again the data give a family of curves covering the range of ram
preseure ratios.

The method of generalization  of data does not permit eatimgatlon
of performance parameters Involving the fuel flow,at low engine
speeds because the effecte of varying oambustion efficiency sre not
properly aocounted for; nor can the method of generalization  of data
be used for estimating the effects of ram pressure on performanoe.

l

Very little information has been published.  on the drag values
obtainedwhen an engine is inoperatfve  during flight and is allowed
to wind?.?ll. The magnItM.e of the windmilling drag is eqt& to the
rate of change of mamentlaa of the air decelerated by passing through
the engine. Relative to the airplane, the rate of ohange of mcanentrrm
of the mass of air per second ma flowathroughthe  engine,as
calculated from the results of the wind-tunnel fnveetigation, is
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The,windmilling drag was also measured on the wind-tunnel balance
males and was determined from the relation

~="sV-~+~V~+C~~-+Ax(%-Po~  -- (21)

Agreement between the results caloulated with these two qua-
tions was very olose. Thewindmillingdragdetermined  fromqua-
tion (21) is presented herein.

Altittlde was found to have no effect on engine windmilling
speed, but the wi.&millidg speed varied almost linearly with true
airspeed. (See fig. 47.) The windmilling drag (fig. 48) increased
rapidly with airspeed and decreased with lncweasing altitude. If
the windmIlling drag of the engine is divided by the net thrust at
rated engine speed for each altitude and airspeed (fig. 49), the
values lie on a ocmuon ourve for all altitudes. At a true airspeed
of 500 miles per hour, at aqy altitude approximately 15 peroent of
the net thrust of one engine operating at rated speed is required
to pull a wlndmflling engine throu&h the afr and at 650 miles per
hour the windmilling drag equals 25 peroent of the maximum net
thrust of one engine. The inlet to the engine should, therefore,
be olossd when the eugine is Inoperative during flight. Dividing
the windmilling drag of the engine by the equivalent free-stream
dynamio pressure (fig. 50) reeulted in a dimensional coefficient
that lies on a single mrve.

The correoted air flou when the engine is windmilling was found
to be approximately 25 peroent greater than the flow when the engine
is operating  at a given oorrected  engine speed. (See fig. 51.) The
lover air flow through the engine when it is operating reeulte from
greater. losses through the oombustion chambers and turbine nozzles
due to the high gas velooity produced to buruing.

When the engine is windmlU.ing,  the pressure rises through the
first stages of the compressor and the remainiug stages aot a8 a
turbine. A pressure survey through the widmilling engine at
40,000 feet and a true airspeed of 575 miles per hour is shown in
figure 52.

From an investigation  of the performme and the windmilliug
drag characteristics  of an axial-flow-type 4000-pound-thrust turbojet
engine at pressure altitudes from 5000 to 40,000 feet aud ram preseure
ratios from 1.02 to 1.86, ti fram the application of the perfomance
generalization factors, the following results were observed:

P

i
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1. The efficiency of the turbojet engine rapidly improved with
an increase inairspeedaudabove a true airspeed of5OCmilee  per
hour at a pressure altitude of 40,000 feet the specific fuel eon-
smption baaed on net thrust horsepower is 0.94 and at 645 miles
per hour is 0.73.

2. Thrust, horsepower, atld air-flow data at a given rsm pres-
sure ratio can be generaUsed with the use of reduction faotore so
that the data obtained at any altitude can be used to estimate the
performance  at any other altitude. In order to generalize acou-
rately performance parsmeters  involving the fuel consumption
throughout the entire range of engine speeds, the reduotion  factors
should include a term that takes into account the variation  of corn-
bustion efficiency with engine speed and altitude.

3. The speoific fuel consmption of the engine in the upper
range of engine speeds -at a gfven ram pressure ratio remaIned
unchanged with variations in altitude, but in the low engine-speed
ramge the specific fuel cousumptionwas  higher at high altitudes
owing to poor combustion efficiency.

4. WMlling drag values of 15 percent of the maximum net
thrust at 500 tilea per hour and 25 percent of the mxtim net thrust
at 650 miles per hour were obtained in the wi.~MMlling  drag tests.
These results indicate that alosing the inlet to the engine when the
engine is imperative during flight fs desirable.

5. An acourate calculation of the Jet thrust of the engine oan
be made from measurements of temperatures and pressures obtained
from a survey across the Jet at the nozzle exit.

Flight Propulsion Reeearoh Laboratory
National Advisory Committee for Aeronautfoe,

Clevelaxxl, Ohio.

1. Sanders, Newell D.: Perfomance  Parameters for Jet-Propuleion
Engines. RACA TN No. 1106, 1946.
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A Tail-ripe-discharge  total and static-pramsure  and
tcmpmrsturc rwvey [WA]

B Tall-pipe total-pressure tube 0
C Tall-pipe thrrmocouple P
D Turbine-oatlti thermocouple
E Turbine-inlet total-pressure tube sp
F Comprsroor-outlet total-pressure tube
6 Compressor-outlat gtatlc-proslure  wall orlflce (HACA) 9
H Compressor-obtlst total-pressure and teaperatura

I Comorercor-inlet static-rresnbre  wall orlficr
J Comprrrror-inlet thermocouple
I Comprrroor-inlet total- and static-pressure  survey (NACA)
1 Tall-pipe-dlrcharga static-pressure  ~011 orifice (flACA)

.

Turbine-outlet  static-pressrre  rail orlflce
Compressor-ostlet  thsrmocouple
Comprerror-outlst  #tatlo-pressure arrvay (SACA)
Corprer8or-interrtage  static-prsrrprr  wall orlfleer
Compressor-inlrt  total-pressure tube
Cowl-iolaf total- and static-pressur*  and temperature

wall orifice IIIACA)

INKAl Instrumentation Installed by NACA for altitude
wind-tunnel  taste. All other Instt-umentatlon
standard.
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$Figure 6.0 Ratio of measured jet thrust to calaulated  jet thrust
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for various engine speeds and altitudes at a ram pressure
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Figure 7.0 Ratio of measured jet thrust to calculated jet thrust

for varfous engine speeds and ram pressure ratioo at an
altitude of 40,000 feet.
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Figure Q.- Effect of englns speed and rltftude on net

thrust at a ram preseure ratio of approximately 1.2.



30 N A C A  RM N o .  E8F09

4
ok
5
g
k
B
crm
54J
P
s

.
Y

Engine apeed, 19, rpm
Figure 10.0 Effect of engine speed and altitude on net thrust

horsepower at a ram praasure ratio of approximately 1.2.
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(a) Air flow determfned fzlom tail-rake survey at statlon 8.
Figure 12.- Effeot of engfne speed and altitude on air

flow at a ram pressure ratio of approximately 1.2.
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(b) Air flow determined from cowl-inlet survey at station 1.
Figure 12.- Concluded.
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at a ram pressure ratio of approximately 1.2.
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Figure 14.- Variation of speoific fuel consumption baaed
on net thrust horaeporer with engine speed and pressure
altitude at a ram pressure ratio of approximately 1.2.



36 N A C A  RM N o .  E8F09

I I I I I I I I I I I -I

.018 1 I I I I A

.

I

-cr” .4
2c1
1
kd
7’d
2!

016

,014

,012.

,010

,008

006

.004 I I f I 1 I I I I 1 I
3 000 4000 5000 6000 7000 8000

Engine speed, N, rpm
Fi.g.ve 15.- Effect of engine speed and pressure altitude

on fuel-air ratio at a ram pressure ratio of approxi-
mately 1.2.

1

.



N A C A  !?I4 N o .  E8F09 37

.
.

2400

t

n I*&

b 1:6Z

2000

1600
f:

5
t2

I I I I
I I I I

t I I I I I I I I I
4000 So00 0000

Flgurs 16.- Effset of engine speed and ram pressure ratio
on Jet thrust at a pressure altitude of 40,000 feet.
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(a) Air flow determined from tail-rake survey at rtation 8.
Figure 20-w Erred of engine speed and ram pressure ratio
on 8ir flow at a preasura altitude of 40,000 r90t.
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Figure 21.0 Effect of engine speed and ram pressure ratio
on net thrust at an altitude of 40,000 feet.
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Figure 23.- Effect of engine speed and ram pressure ratio

on specific fuel consumption baaed on jet thrust at 8
pressure altitude of 40,000 feet,
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Figure 29. -Effect of corrected engine speed and altitude on
corrected jet thrust at-8 ram pre8aura rat10 of approxlmatelr
1.2. Engine speed and jet thrust corrected to MCA standard
atmospheric conditions at sea level.
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to IIACA standard atmospherfo oonditionm at sea level.



N A C A  R M N o . E8!=09

4800.
0 10,300
n 20, m

5000 4 0 0 0
Corrected6~glne I$:; N/~*‘:~

Figure 31. - Effect of aorreoted angfne speed and pressure
altitude on corrected net thrust horsepower at a ram preasura
ratio of approximataly 1.2. Engine *speed and net thrUst
horsepower corrected to NACA standard atmospheric condltionu
at sea level.
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(a) Air flow determined from tail-rake survey at station 8.
Figure  32. - Effeot of oorreoted engine speed and pressure

altitude on aorreoted air flow at a ram pressure ratio of
approximately 1.2. Air flow and engine speed oorrected to
RACA standard atmospheria oonditions at sea level.
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Figure 33. - Effect of corrected engine speed and pressure
altitude on oarreoted fuel consumption at a ram pressure
ratio of approximately 1.8. Engine speed and fuel oonsumption
abrrscted to NACA standard 8bUOSpheriC aonditions at sea level.
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oorreated true airspeed at various aorreoted engine speeds end
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engine speed, and true airspeed corrected to NhCh standard
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Figure 41. - Bffeot of correated engine speed and ram pressure
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of 40,000 feet. -gin8 speed and fuel consumption aorrected
to NACA standard atmO8pherio conditions  at 888 level.
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Figure  43. - Effect Of COfi8Ct8d 8n&n8 speed and r&m pressur8
ratio on specific fuel consumption baaed on net thrust
horeeporer at a pressure altitude of 40,000 feet. Engine
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Figure 44. - Variation of specific fuel consumption based on net

thrust horsepower with corrected true airspeed at various
corrected engine speed8 and a pressure altitude of 40,000 feet.
True airspeed corrected to NhCA standard &tmOSpheric conditions *
at sea level.
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F i g u r e  45. - Effsot of corrected engine speed and ram pressure
ratio on corrected ails flow at a pressure altitude of 40,000
feet. E3@ne speed and air flow correoted to NACA standard
atmospheric conditions at sea level.
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Figure 46. - Effeat of correoted engine apeed and ram preaeure

ratio on corrected fuel-air ratio at a pressure altitude of
40,000 feet. Engine speed and fuel-air ratio corrected to
NACA standard atmospheric condition8 at sea level.
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Figure 49.- Effect of altitude and true airspeed on the ratio of rlndmilling  drag to

net thrust at rated engine apeed.
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Figure 51. - Comparison of effect of oorrected engine speed on oorreoted air flow

nlth engine windmilling and engine operating. Air flow and engine epeed correoted
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Total and atntic preaau~d, lb/sq it l baa

ii E E

.

1

6OA.83 ‘ON WI V3VN 91



< ~~~1~1~~~~~~~~~~
--

- --- :1 4
.

,

.I
I

L
f


